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ABSTRACT 
 Research has shown decreased pain sensitivity (hypoalgesia) during and following 
maximal and sub-maximal isometric exercise.  Research on fibromyalgia patients however has 
shown the same exercises increase pain sensitivity (hyperalgesia).  The purpose of the present 
study was to examine the effects of exercise on pressure pain thresholds (PPT) in the presence 
and absence of delayed-onset muscle soreness (DOMS) within the ipsilateral (contracting) and 
contralateral quadriceps muscle and plurisegmental finger.  Data were collected using twenty-
five male participants (aged 18-29) over five testing days: two days of familiarization, one day of 
baseline (no DOMS) testing, one day of eccentric exercise to induce DOMS, and one day of 
testing in the presence of DOMS.  Testing consisted of participants holding 25% of maximum 
voluntary contraction strength (MVC) till fatigue, defined as a drop in force of 25%.  Pressure 
pain threshold was taken in each thigh every 30 seconds during exercise, 2-minutes post, and 15-
minutes post exercise, as well as before and after exercise in the right index finger.  Eccentric 
exercise was used to induce DOMS with subsequent repeated measures testing performed 48 
hours later.  Pressure pain threshold increased in both the ipsilateral and contralateral thigh 
during exercise for both conditions. Pressure pain threshold after exercise remained elevated 
only in the ipsilateral thigh, while the contralateral thigh returned to baseline.  It is concluded 
that sub-maximal isometric exercise to fatigue in the presence and absence of DOMS increases 
pressure pain threshold in the ipsilateral thigh and contralateral thigh during exercise, however 
increases only remain elevated after exercise within the ipsilateral thigh. 
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CHAPTER 1 
INTRODUCTION 
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Pain, as defined by the International Association for the Study of Pain (ISAP), is an 
unpleasant sensory and emotional experience associated with actual or potential tissue damage 
(Merskey & Bogduk, 1994).  Upwards of 70% of the U.S. population may experience 
musculoskeletal pain at some point in their life (Frymoyer et al., 1980) with this pain accounting 
for approximately 10% of visits to medical professionals (Caudill-Slosberg, Schwartz, & 
Woloshin, 2004).  Chronic musculoskeletal diseases, such as fibromyalgia and arthritis, affect 
approximately 15% (40 million) of Americans (Lawrence et al., 1998).  Musculoskeletal diseases 
are commonly treated using medications such as non-steroidal anti-inflammatory drugs (NSAID) 
and opiate pain relievers (such as Tylenol 3, Lortab, and OxyContin), which have potentially 
harmful side effects including gastrointestinal irritation and ulcers, drowsiness, confusion, 
constipation, and nausea (Furlan, Sandoval, Mailis-Gagnon, & Tunks, 2006).  Thus finding safe 
and effective alternative treatment methods for musculoskeletal pain that avoid the harmful side 
effects of commonly prescribed drugs has important clinical relevance. 
 One potential alternative treatment is exercise.  In addition to its numerous health 
benefits, exercise has also been shown to alter pain perception.  Pain threshold, the minimal 
noxious input that is perceived as painful, to a variety of noxious stimuli (heat, pressure, and 
electrical) has been found to increase (termed hypoalgesia) during and following several types 
and intensities of exercise. Isometric exercise of the forearm flexors at 40-50% of maximal 
strength (Koltyn & Umeda, 2007), isometric exercise of the elbow extensors at 25% of maximal 
voluntary contraction (MVC) (Hoeger Bement, Dicapo, Rasiarmos, & Hunter, 2008), and 
isometric knee extension at ~20% of maximal strength (Kosek & Ekholm, 1995) have all been
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 shown to induce hypoalgesia to a pressure stimulus applied to the finger (Hoeger Bement et al., 
2008; Koltyn, 2000) or to the contracting muscle (Kosek & Ekholm, 1995).  Pressure pain 
threshold has also been shown to increase following resistance exercise (Koltyn & Arbogast, 
1998; Kosek & Ekholm, 1995) and aerobic exercise consisting of both cycling (Bartholomew, 
Lewis, Linder, & Cook, 1996; Koltyn, Garvin, Gardiner, & Nelson, 1996) and running (Haier, 
Quaid, & Mills, 1981; Hoffman et al., 2004). The magnitude of change in PPT appears to be 
dependent on aerobic exercise intensity with exercise at intensities > 50% VO2max resulting in 
increases in PPT (Hoffman et al., 2004).  In regards to noxious electrical stimuli, both resistance 
and isometric exercise using the elbow flexors have been shown to induce hypoalgesia to a weak 
cutaneous electrical stimuli applied to the forearm (Feine, Chapman, Lund, Duncan, & Bushnell, 
1990).  Numerous studies have also found hypoalgesia to electrical stimuli following cycling 
exercise and at intensities of 100W to 300W (Droste, Greenlee, Schreck, & Roskamm, 1991; 
Droste, Meyer-Blankenburg, Greenlee, & Roskamm, 1988; Kemppainen, Pertovaara, 
Huopaniemi, & Johansson, 1986; Kemppainen, Pertovaara, Huopaniemi, Johansson, & Karonen, 
1985; Olausson et al., 1986).  Hypoalgesia has also been observed following cycle and isometric 
exercise to electrical stimuli (Kemppainen, Hamalainen, & Kononen, 1998; Paalasmaa, 
Kemppainen, & Pertovaara, 1991). However, when a cold stimulus is applied (typically via a 
cold pressor test) exercise has not been shown to consistently alter pain perception (Janal, Colt, 
Clark, & Glusman, 1984; Padawer & Levine, 1992).   
 The mechanisms underlying the observed changes in pain perception following exercise 
are somewhat unclear.  Several studies have demonstrated hypoalgesia after exercise in both the 
ipsilateral (exercising) and contralateral non-exercising limb (Koltyn & Umeda, 2007; Kosek & 
Lundberg, 2003; Lannersten & Kosek, 2010).  These findings suggest an alteration in central 
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processing of nociceptive signals in the spinal cord and/or brain thus leading to wide-spread 
hypoalgesia. Several central mechanisms have been proposed and include: 1) the “Gate Control 
Theory” (Melzack & Wall, 1965), 2) increases in blood pressure (Koltyn & Arbogast, 1998), 3) 
distraction (Johnson & Petrie, 1997), 4) release of endogenous opioids, and 5) conditioned pain 
modulation (CPM), also referred to as diffuse noxious inhibitory control (DNIC) (Yarnitsky, 
2010).  The “Gate Control Theory” involves attenuation of pain via “gating” of nociceptive 
inputs in the spinal cord and brain (DeLeo, 2006; Melzack & Wall, 1965) due to alterations in 
central processing of non-nociceptive afferent inputs (Barlas, Walsh, Baxter, & Allen, 2000).  
Two separate trials using an electrical stimulus applied to the ipsilateral forearm and 
contralateral leg during handgrip exercises resulted in mediated pressure pain responses during 
forearm stimulation, but not during leg stimulation (Hollman & Morgan, 1997).  This finding 
supports the concept that central transmission of neural impulses (via group III and IV fibers) 
could be modulated by afferent inputs from other tissues that synapse at similar sites in the spinal 
cord (Hollman & Morgan, 1997).   
Elevations in blood pressure, which take place during exercise, may provide some form 
of psychophysiological relief during times of stress such as during exercise (Randich & Maixner, 
1984). Blood pressure increases during whole body resistance exercise were found to correlate to 
increases in PPT following exercise (Koltyn & Arbogast, 1998). Elevations in blood pressure 
during exercise have also been shown to correlate with a decrease in overall pain intensity rating 
and peak pain intensity ratings (Ring, Edwards, & Kavussanu, 2008), however most of the 
research in this area involves aerobic activity at higher intensities (e. g., >70% VO2max) 
(Hoffman et al., 2004; Koltyn, 2002).  Only recently, have studies been conducted using 
isometric exercise to test if alteration in pain perception can occur in conjunction with 
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differences in magnitudes of blood pressure elevations, with increases in PPT generally 
occurring in responses to exercise at low intensities (25% MVC) (Koltyn & Umeda, 2007; Kosek 
& Lundberg, 2003; Staud, Robinson, & Price, 2005; Umeda, Newcomb, Ellingson, & Koltyn, 
2010). With pharmacological intervention, increases in blood pressure in normotensive men have 
been shown to alter pain perceptions in a dose-dependent manner with greater increases to blood 
pressure eliciting greater increases in pain tolerances (Larbig, Milstrey, Nasse, & Kahle, 1985).  
As exercise is a naturally occurring stimulus to increase blood pressure, it has been hypothesized 
that increases in blood pressure following exercise may play a role in decreasing pain 
perceptions via activation of arterial baroreceptors resulting in increased supraspinal inhibition 
(Koltyn & Umeda, 2006; Ring et al., 2008).  Diminished responsiveness to acute pain in healthy 
adults has been correlated with elevated blood pressure, baroreceptor stimulation, and elevated 
spontaneous baroreflex sensitivity (Chung, Bruehl, Diedrich, & Diedrich, 2008).  
Distraction has also been proposed as a potential mechanism of hypoalgesia due to the 
greater demands for central cognitive processing.  Children playing a videogame, during either 
interactive distraction (using voice controls to play the videogame) or passive distraction 
(watching a replay of the game session), experienced increased pain tolerance to a cold pressor 
test (Law et al., 2011).  The effects of distraction on pain sensitivity have also been examined 
using simple word shadowing, repeating words read aloud, on individuals suffering from chronic 
low back pain while performing a step-up exercise (Johnson & Petrie, 1997). Word shadowing 
did not alter pain ratings during exercise, but was found to increase total exercise time suggesting 
that distraction allowed the participants to tolerate their pain for a longer period of time (Johnson 
& Petrie, 1997).   
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Central and peripheral release of endogenous opiods such as enkephalins, beta-
endorphins, and endomorphis are known to decrease afferent nociceptive input to the dorsal horn 
and alter pain processing leading to hypoalgesia (Mense, 1993).  Endogenous opioids have been 
shown to increase during intense exercise (Goldfarb & Jamurtas, 1997), and as such, have been 
proposed to play a role in exercise-induced hypoalgesia (Janal et al., 1984; Pertovaara, 
Huopaniemi, Virtanen, & Johansson, 1984). Numerous studies have examined the effects of 
exercise on pain sensitivity following the administration of the opioid antagonist naloxone. Five 
studies (Droste et al., 1991; Haier et al., 1981; Janal et al., 1984; Olausson et al., 1986) found 
that during exercise there was a similar increase in pain threshold for both the naloxone and 
placebo condition while an additional study (Droste et al., 1988) reported no effect of exercise on 
pain threshold in either conditions. These findings of similar increases in pain thresholds 
following naloxone and placebo administration call into question the role of endogenous opiods 
in exercise-induced hypoalgesia.     
Recently, it has been suggested that exercise-induced hypoalgesia could be caused by an 
endogenous pain inhibitory mechanism termed conditioned pain modulation.  CPM has been 
suggested as a replacement term for diffuse noxious inhibitory control (Kosek & Lundberg, 
2003; Tracey & Dunckley, 2004). CPM occurs when one painful stimulus inhibits the sensation 
of another painful stimulus.  When two noxious stimuli are applied to separate regions of the 
body, the stronger pain, termed the conditioning stimulus, inhibits nociception of the weaker 
pain, or test stimulus.  Exercise, especially at higher intensities, often results in muscle pain 
(O'Connor & Cook, 1999).  Thus, CPM could function as a mechanism of exercise-induced 
hypoalgesia if a sufficient conditioning pain stimulus is experienced during exercise—thus 
leading to reduced pain at a different site during and following exercise.     
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In addition to central mechanisms of EIH, evidence exists suggesting exercise may 
stimulate localized mechanisms to reduce pain sensitivity (Kosek & Lundberg, 2003; Paalasmaa 
et al., 1991; Persson, Hansson, Kalliomaki, Moritz, & Sjolund, 2000; Pertovaara, Kemppainen, 
& Leppanen, 1992). In studies examining both ipsilateral and contralateral muscles, attenuation 
of pain sensitivity restricted to only the exercised limb as well as findings of a greater reduction 
in pain sensitivity in the exercised limb compared to the contralateral limb support a localized 
effect of pain-inhibitory responses(Kosek & Lundberg, 2003; Paalasmaa et al., 1991; Persson et 
al., 2000; Pertovaara et al., 1992). Efferent motor output to the contracting  muscle as well as 
increased afferent inhibition via greater activation of A-delta and C fibers in the exercised 
muscles have been put forth as potential mechanism to explain localized EIH (Kosek & 
Lundberg, 2003) .   
 Despite the evidence supporting a hypoalgesic effect of exercise, little research has been 
conducted on the effects of exercise on pain perception in clinical pain populations.  Research in 
fibromyalgia patients have found an opposite effect compared to healthy controls, with the FM 
patients experiencing heightened pain sensitivity following exercise (Kosek, Ekholm, & 
Hansson, 1996; Staud & Domingo, 2001).  In adults with chronic shoulder myalgia, fatiguing 
isometric exercise of the quadriceps produced hypoalgesia in both the ipsilateral and 
contralateral quadriceps, and in both shoulders (Lannersten & Kosek, 2010).  However, when 
unilateral shoulder isometric exercise was performed with the myalgic shoulder, hypoalgesia was 
not observed at any test site (shoulders or quadriceps) (Lannersten & Kosek, 2010).  Conversely, 
fatiguing isometric exercise in women with unilateral chronic shoulder pain demonstrated 
hypoalgesic effects on both shoulders after unilateral isometric exercise of the painful shoulder 
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(Persson, Hansson, Kalliomaki, & Sjolund, 2003).  Thus it is unclear as to whether or not 
exercise can alter pain sensitivity in clinical pain populations.  
 Exercise-induced muscle damage (EIMD) and the associated inflammation and 
pain/delayed-onset muscle soreness (DOMS) represent a useful model to induce a hyperalgesic 
state similar to clinical pain populations, in otherwise healthy individuals. EIMD mimics clinical 
musculoskeletal pain due the loss of strength, inflammation and edema in exercised muscles, 
DOMS, allodynia (where a sensory stimulus which is normally not painful becomes painful, 
unlike hyperalgesia were a painful stimulus is more painful), and a lowering of mechanical pain 
thresholds (Black & McCully, 2008; Clarkson, Nosaka, & Braun, 1992; Dannecker & Sluka, 
2011).  EIMD has also been shown to lead to self-reported disability (Bishop, Horn, George, & 
Robinson, 2011), impairment of activities of daily living, and to self-care behaviors similar to 
that of clinical pain populations (Dannecker, Gagnon, Jump, Brown, & Robinson, 2004; 
Dannecker, Knoll, & Robinson, 2008).  Studying the effects of exercise on pain sensitivity using 
EIMD could limit the chances of exercise-related exacerbation of pain in a clinical population 
and provide greater experimental control on the painful symptoms by limiting pain to a single 
body segment.    
 A greater understanding of the effects of exercise on pain sensitivity in muscle tissue 
experiencing localized hyperalgesia and inflammation could provide further insight into the 
mechanism(s) underlying EIH and the efficacy of using exercise to treat clinical musculoskeletal 
pain conditions. Therefore, the aim of this study was to determine the effect of isometric exercise 
to fatigue on pressure pain thresholds.     
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Study Aims: 
1. To determine if fatiguing isometric exercise of the right quadriceps muscle alters 
pressure pain thresholds in the ipsilateral and contralateral quadriceps muscles during 
exercise. 
2. To determine if fatiguing isometric exercise of the right quadriceps alters pressure 
pain thresholds in the right index finger, as well as the ipsilateral and contalateral 
quadriceps muscle 2 minutes and 15 minutes following exercise. 
3. To determine if exercise-induced muscle damage and the resultant delayed-onset 
muscle soreness alters pressure pain threshold in the ipsilateral (damaged) quadriceps 
muscle, the contralateral quadriceps muscle, and the right index finger. 
4. To determine if fatiguing isometric exercise of the right quadriceps muscle performed 
in the presences of DOMS alters pressure pain thresholds in the ipsilateral and 
contralateral quadriceps muscles during the exercise. 
5. To determine if fatiguing isometric exercise of the right quadriceps performed in the 
presence of DOMS alters pressure pain thresholds in the finger as well as the 
ipsilateral and contralateral quadriceps muscles 2 and 15 minutes following exercise. 
Alternative Hypotheses: 
It is hypothesized that: 
1. There will be an increase in pressure pain threshold in both the ipsilateral and 
contralateral quadriceps muscle during isometric exercise to fatigue. 
2. There will be an increase in pressure pain threshold in the finger as well as the 
ipsilateral and contralateral quadriceps muscle 2 minutes and 15 minutes following 
isometric exercise to fatigue. 
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3. Muscle damage and DOMS will decrease the pressure pain threshold in the damaged 
quadriceps muscle, but no difference in threshold will be observed in the contralateral 
quadriceps muscle or the right index finger.  
4. Fatiguing isometric exercise when delayed on-set muscle soreness is present will 
result in an increase in pressure pain threshold in both the ipsilateral and contralateral 
quadriceps muscle during isometric exercise to fatigue. 
5. Following isometric exercise when delayed on-set muscle soreness is present there 
will be an increase in the pressure pain threshold in the finger, as well as the 
ipsilateral and contralateral quadriceps muscle 2 minutes and 15 minutes after 
exercise.  
Delimitations 
 This study focuses on adults (19-29 years of age) from the University of Mississippi 
campus or residing in Oxford, Mississippi. In order to participate, subjects must be able to 
answer "NO" to each question on the physical activity readiness questionnaire (PAR-Q). 
Subjects will be asked to refrain from high-intensity leg exercises, alcohol, and NSAID use 
during the study. Each subject must also be able to give written consent. 
Limitations 
 There are a few limitations in the design of the study that should be considered. 
Participants recruited were a convenience sample, participants may be tested during different 
times of the day, anxiety might be elevated due to outside factors, and training status although 
controlled for could still influence the damage protocol.  
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Pain is defined by the International Association for the Study of Pain (ISAP) as an 
unpleasant sensory and emotional experience associated with actual or potential tissue damage 
(Merskey & Bogduk, 1994).  Pain is subjective and therefore will vary among individuals.  Pain 
is reported to account for approximately 10% of visits to United States clinical medical practices 
as a result of some form of musculoskeletal pain (Caudill-Slosberg et al., 2004).  Low-back pain 
affects up to 70% of all people at some point in their life (Frymoyer et al., 1980), and the direct 
medical costs and loss of work productivity make it one of the most costly and disabling 
disorders for all Americans.  Close to half the respondents of “The Nuprin Pain Report” 
(collected during the mid-1980’s) reported to have experienced some type of muscle pain, with 
9% of the respondents reporting losing at least one day of work during the previous year due to 
muscle pain (Sternbach, 1986).  Fibromyalgia and arthritis, although less prevalent, are also 
medical disorders that are associated with chronic pain.  Even with the mounting evidence of 
increasing reports of chronic pain, the strategies for treatment of chronic, persistent 
musculoskeletal pain are not always effective, especially drug treatments (Cohen, Mullings, & 
Abdi, 2004; Curatolo & Bogduk, 2001).   A better understanding of the mechanisms associated 
with muscle pain could help in the development of better diagnosis and treatment methods for 
the large number of individuals afflicted with a pain related disorder. 
Neruobiolgy of Pain
The process by which the perceptual experience of pain is triggered is termed 
“nociception”, and the individual stimuli that activate specialized sensory receptors in the 
peripheral (e.g. skeletal muscle tissue) and central (brain and spinal cord) tissues are termed 
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“noxious".  The sensitivity to noxious stimuli can be altered.  A state where any noxious stimulus 
elicits a greater pain response than in normal situations is referred to as “hyperalgesia” (Merskey 
& Bogduk, 1994).  However, situations where a certain stimuli such as light rubbing or 
scratching should not elicit a painful response but does is termed “allodynia” (Merskey & 
Bogduk, 1994).  In contrast to hyperalgesia and allodynia, “hypoalgesia” occurs when a stimulus 
that previously evoked a certain level of pain, now results in a lesser pain response (Merskey & 
Bogduk, 1994).  This response is often seen during and acutely following exercise (Koltyn, 
2002; Koltyn & Umeda, 2006, 2007).  In a review of literature on hypoalgesic responses to 
various forms of exercise, participant’s pain threshold (the point at which an individual perceives 
a given stimulus to be painful) and pain tolerance (the point the individual wishes to remove the 
noxious stimulus) were both increased during and following various exercise protocols (Koltyn, 
2002).  
 Nociceptors are free nerve endings that are located in and around the small arteries, 
arterioles, venules, and connective tissue of skeletal muscle (Stacey, 1969).  Nociceptors within 
the skeletal muscles contain two primary types of afferent nerve fibers, type III and type IV 
afferent fibers, and transmit nociceptive signals by synapsing primarily on cell bodies in the 
dorsal root ganglia in the dorsal horn of the spinal cord (Cervero, Iggo, & Ogawa, 1976).  Type 
III afferent fibers are thinly myelinated and typically sense dull, aching, types of pain 
(Marchettini, Simone, Caputi, & Ochoa, 1996).  However they may also end in receptors such as 
free nerve endings or paciniform corpucles, which tend to preferentially respond to mechanical 
pressure and deformation to the nerve fibers.  Type IV afferent fibers are unmyelinated and only 
end as free nerve endings (Stacey, 1969).   Type IV fibers preferentially respond to chemical 
stimuli and result in dull, burning, and aching types of pain (Mense, 1993). 
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 Muscle nociceptors are activated by chemical or thermal stimuli, or mechanical pressure.  
When a noxious stimulus is applied to the nociceptor it results in the generation of an electrical 
signal which if large enough can exceed threshold and generate an action potential.  This action 
potential then travels along the axon through the dorsal horn to the spinal cord and up the spinal 
column to the brain, where it is interpreted as pain.  Receptors that activate mechanical stimuli 
are termed high-threshold mechanosensitive (HTM) muscle receptors.  HTM receptors require 
high levels of mechanical pressure to activate a tissue threatening response by the nociceptor 
(Kumazawa & Mizumura, 1977).  Many everyday sensations consist of mechanical stimuli, 
however they are usually weak and thus do not activate HTM nociceptors.  “Sensitization” to 
stimuli can occur to the nociceptors.  During sensitization, the binding of noxious agents to the 
nociceptors lowers the threshold needed for its activation.  This allows for a lesser noxious 
stimulus to elicit the same pain response as prior to the sensitization.  Mechanical pressures that 
activate muscle receptors are sensitized by biochemical substances such as bradykinin, serotonin, 
histamine, potassium, hydrogen ions, prostaglandin E2, substance P and ATP/adenosine (Mense, 
2009).  Damage and inflammation to musculoskeletal tissue that result from exercise elicit the 
production and release of these noxious biochemical substances. 
Noxious Biochemicals         
 Exercise leads to a decrease in blood pH and as a result there are decreases in muscle 
tissue pH as well (Hood, Schubert, Keller, & Muller, 1988; Mense, 2009).  This decrease in pH 
is caused by the building up of protons in the form of lactate and hydrogen ions in the activated 
skeletal muscle.  Increasing the intensity of exercise to higher percentages of VO2max can 
decrease the pH further, and as a result, cause aching or cramping types of pain to be 
experienced in the muscles.  Hydrogen ions lower the pH by signaling through acid sensing ion 
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channels (ASICs).  These ASICs occur in high densities throughout the nociceptors of skeletal 
muscle in the form of ASIC1 and ASIC3 (Hoheisel, Reinohl, Unger, & Mense, 2004; Sluka et 
al., 2003), with ASIC3 channels also being found in the spinal cord on the dorsal rot ganglion 
(Price et al., 2001).   
 Bradykinin is a peptide with precursors found in blood plasma.  It, like hydrogen ions, is 
also another potent activator of skeletal muscle nociceptors via both type III and type IV afferent 
fibers (Babenko et al., 1999; Kaufman, Iwamoto, Longhurst, & Mitchell, 1982).  Bradykinin is 
synthesized by the enzyme kallikrein in response to blood plasma escaping to the muscle tissue, 
ischemia, and when certain factors involved in clotting systems are activated.  Bradykinin signals 
though the bradykinin B1 and B2 receptors, which then leads to the synthesis and release of 
bradykinin throughout the body.  Tissue damage and inflammation, like that seen from exercise, 
have also been shown to lead to an increase in the expression of B1 receptors located in the 
dorsal root ganglia and in free nerve endings (Perkins & Kelly, 1993).  The activation of the B1 
and B2 receptors raises resting membrane potential of the nociceptors to enhance their 
responsiveness to other noxious stimuli such as serotonin (Hu, Li, Wu, Zheng, & Li, 2005) and 
prostaglandins (Mense, 1981) which are also released during exercise.   
 Serotonin is a monoamine neurotransmitter that produces a wide range of different 
functions throughout the body and nervous system which may affect mood, appetite, and sleep.  
Serotonin activates type III and type IV nociceptors in skeletal muscle much like bradykinin 
(Mense, 1977).  It has been shown that serotonin can either act alone or in concert with 
bradykinin to elicit pain responses (Babenko et al., 1999).  Babenko et al. (1999) reported 
injections of serotonin into muscle in large doses resulted in immediate pain; however in lower 
dosages it only sensitized the nociceptors to bradykinin.  This lower dosage did lead to greater 
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pain responses to a lower given dose of bradykinin and might also play a role in sensitizing HTM 
receptors (Babenko et al., 1999). 
 Prostaglandin E2 aids in controlling blood vessel diameter, blood pressure, and the 
inflammatory response to tissue damage.  Prostaglandin E2 is a metabolite of arachidonic acid 
and is synthesized by the action of enzymes of the cyclooxygenase family.  Although there is 
very little activation of muscle nociceptors by prostaglandin E2, it does play a key role in 
sensitizing nociceptors to bradykinin and other algesic substances (Mense, 1981).  Aspirin and 
ibuprofen work to blunt the action of the cyclooxygenase enzymes and may limit the 
inflammation and pain after tissue damage like that seen after exercise.  
  Adenosine is a key component in adenosine tri-phosphate (ATP), which mediates 
numerous cellular and physiological processes.  ATP is a high-energy molecule found in cells 
throughout the body and serves as the primary source of energy for exercise and resting 
metabolism.  Even though there is ATP throughout the body high quantities are found in muscle 
(Mense, 2009).  As damage occurs to muscle cells, there may be a release of adenosine from the 
cells.  Several adenosine receptors are thought to play a role in nociception with the A1 and A2a 
receptors being the primary isoforms (Sawynok, 1998; Sawynok & Liu, 2003).  Caffeine is an 
adenosine receptor antagonist and has been shown to reduce muscle pain during and following 
exercise (Motl, O'Connor P, Tubandt, Puetz, & Ely, 2006; O'Connor, Motl, Broglio, & Ely, 
2004). 
Signaling Pathways 
 After a nociceptor has been activated, a signal of that activation is transmitted to the 
central nervous system.  The afferent nerve fibers responsible for this signaling were originally 
believed to transmit peripheral signals directly to the brain itself (Descartes, 1664).  However, 
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this process has now been shown to be more intricate as the signal is sent from the periphery by 
the nociceptor’s afferent fibers to the spinal column, and more specifically the dorsal root 
ganglia.  The signal is then transmitted to the brain where the sensation is interpreted by the brain 
as physical pain.  
   In the spinal cord afferent nociceptive fibers synapse primarily in the dorsal horn in 
lamina I, II and V (Mense, 1993).  This is where all signals coming from the periphery enter the 
spinal column.  Some of the afferent fibers synapse with efferent fibers to control reflex muscle 
movements, whereas others will continue up the spinal column to the brain.  To continue up the 
spine the signal must first be sent using amino acids and peptide neurotransmitters such as 
glutamate and substance P between the afferent fibers and the projection neurons within the 
dorsal horn (DeLeo, 2006; Millan, 1999).  Then the signal, depending on the type of nociceptor 
activated, is transmitted along different tracts to various areas within the brain. 
Spinal Tracts 
 Contra-lateral spinothalamic (STT), spinoreticular (SRT), spinomesencephalic (SMT), 
spinoparabrachial (SPB), spinohypothalamic (SHT), and the dorsal column tracts  (Millan, 1999) 
are tracts to the brain along which the nociceptive stimulus is transmitted.   The contra-lateral 
spinothalamic is made up of two tracts, medial and lateral.  The medial tract, known as 
paleospinothalamic, projects to the periaqueductal gray (PAG), hypothalamus, amygdala, parts 
of the thalamus, and the reticular formation in the brain stem (Millan, 1999).  The lateral tract, 
known as neospinothalamic, projects through the medulla to the ventroposterolateal areas of the 
thalamus (Millan, 1999).  The medial paleospinathalamic tract receives information from C 
fibers that signal primarily dull, aching pain (Millan, 1999).  The lateral neospinothalamic tract is 
made of A-delta fibers which are thought to signal sharp, fast pain (Millan, 1999).  The 
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spinoreticular tract signals nociceptive inputs to the reticular formation, which synapse with the 
medial thalamus and nucleus paragigantocellularis and ends in the locus coeruleus (Millan, 
1999).  The spinomesencephalic signals to the PAG where inputs to the limbic system are sent.  
All of the tracts listed above are used to provide information regarding location and intensity of 
painful stimuli.  There is a complex system of cognitive, emotional, attentive, and autonomic 
nervous system signals that make up the perception of pain.  These signals can be manipulated 
through natural or pharmaceutical inhibitory and excitatory agents for pain modulation.  This 
modulation is described as either hyperalgesia or hypoalgesia and is strongly affected due to 
exercise. 
Pain During Exercise 
 Pain that occurs during the exercise bout itself, such as the “burn” of the quadriceps 
during a sprint, has been shown to increase in a linear fashion as a function of relative exercise 
intensity in both percentage of peak power output and peak oxygen consumption (Cook, 
O'Connor, Eubanks, Smith, & Lee, 1997).   During cycling, pain appears to be somewhat 
dependent on the exercise intensity with cycling at 80% of peak oxygen consumption compared 
to 60% of peak oxygen consumption generally eliciting a greater pain response (Gliottoni, 
Meyers, Arngrimsson, Broglio, & Motl, 2009; Motl et al., 2006; Motl, O'Connor, & Dishman, 
2003; O'Connor et al., 2004).  The recorded descriptions for pain are described as sharp, burning, 
tiring, cramping, rasping, and pulling during cycling exercise bouts (Cook et al., 1997).  This 
pain can be evoked during short bouts of exercise (~8 seconds) (Cook et al., 1997), however the 
pain is usually more pronounced during higher intensity exercise bouts (Koltyn, 2002).   
 Pain during exercise has been shown to decrease a variety of pain responses using many 
different modes and intensities of exercise (Koltyn, 2002).  This leads to the question as to which 
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nociceptive mechanisms are responsible for the muscle pain during the exercise bouts.  The 
potential mechanisms fall into two general categories: 1) accumulation of noxious biochemicals 
(Mense, 2009) and 2) increases in intramuscular pressure due to muscle contractions (Cheung, 
Hume, & Maxwell, 2003).  During exercise, the build-up of lactic acid occurs at moderate to 
high exercise intensities > 50% of peak oxygen consumption.  As lactic acid dissociates into 
lactate and hydrogen ions, the muscle’s pH is lowered and is a potent activator of type III and IV 
afferent nociceptors (Mense, 2009).  As exercise intensity and duration increases, so do other 
noxious agents such as, adenosine, bradykinin, potassium, histamine, and prostaglandin E2 
(Langberg, Bjorn, Boushel, Hellsten, & Kjaer, 2002; Mense, 1996; Rotto, Schultz, Longhurst, & 
Kaufman, 1990).  These biochemicals remain elevated in the muscle tissue after exercise, and are 
removed gradually during recovery from exercise.          
 Increased intramuscular pressures associated with muscle contractions and muscle force 
production is another plausible mechanism for pain during exercise (Cheung et al., 2003).  High-
threshold mechanosensitive nociceptive fibers could be activated by mechanical deformation of 
the muscle and high levels of intramuscular pressures associated with high force production 
during intense exercise.  The pain experienced during brief, high intensity exercise bouts (~8 
seconds) could be due to activation of HTM fibers because of high muscular forces.  However, a 
more plausible explanation for the pain experienced during exercise is the combination of 
stimulation of the various nociceptors from both biochemicals and mechanical pressures.   
Pain Following Exercise 
 Delayed-onset muscle soreness (DOMS) is accompanied with exercise(s) that are 
unfamiliar to the individual.  DOMS is usually experienced not in the minutes that immediately 
follow exercise but rather during the days that follow (~24-72 hours) (Baker, Kelly, & Eston, 
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1997) and gradually resolves over the next 2-4 weeks (Clarkson & Sayers, 1999).   The exercises 
that most commonly lead to DOMS are those with a large eccentric (lengthening) component; 
however it can be experienced following concentric (shortening) and isometric (static) exercises 
as well.  The internal structures of the muscle are placed under greater mechanical stresses 
during eccentric contractions because there are fewer muscle fibers recruited to generate the 
needed level of force (Enoka, 1996).  There is evidence that lengthening the muscle over greater 
distances (Lieber & Friden, 1993) as well as performing contractions at extended initial muscle 
lengths (Nosaka & Sakamoto, 2001) leads to greater muscle damage.  When the force-per-area of 
activated muscle, or specific force, exceeds the tensile strength of the internal structures of the 
muscle, damage may occur at the ultra-structure level of the fiber causing damage (Black & 
McCully, 2008a).  When the muscle cell is damaged there are increased levels of calcium in 
intracellular spaces, which activates calcium-dependent degradation pathways which often 
worsen the damage (Belcastro, Shewchuk, & Raj, 1998).  Damage leads to acute infiltration of 
inflammatory cells such as neutrophils and monocytes occurring anywhere from 2 to 24 hours 
following exercise which aid in the removal of damaged tissue and debris’ and promote tissue 
repair (MacIntyre, Reid, Lyster, Szasz, & McKenzie, 1996). 
 There are three primary proposed mechanisms of DOMS: 1) noxious biochemicals 
(Mense, 2009), 2) increased intramuscular pressure (Cheung et al., 2003), and 3) decreases in the 
tissue’s pH by way of accumulating hydrogen ions, and leaking adenosine and ATP from 
damaged cells into extracellular space (Mense, 2009; Sawynok, 1998) which are associated with 
the tissue’s inflammation following damage.  The delayed nature of DOMS could be due to the 
inflammation of the injured muscle tissue causing increases in intramuscular pressure from 
edema and swelling.  This increase in intramuscular pressure, along with increased 
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concentrations of biochemicals that can both activate and sensitize muscle nociceptors, is the 
most likely explanation (Cheung et al., 2003).  The inflammation causes tenderness and pain 
during movements that would not be painful under “normal” circumstances.  This hyperalgesic 
state suggests that HTM muscle nociceptors have been sensitized making the stimulus required 
to activate them reduced.  EIMD and the associated inflammation and DOMS represent a useful 
model to induce a hyperalgesic state similar to that observed in clinical pain populations, in 
healthy individuals. 
Pain Modulation 
 Modulation of pain is seen in many different situations where devastating tissue damage 
occurs, but the individual does not register the injury as painful.  The complex integration of 
signals from many different tissues can exert both excitatory and inhibitory effects on the 
perception of the noxious stimulus.  Release of endogenous opiods such as enkephalins, beta-
endorphins, and endomorphis, both centrally and peripherally, decrease the afferent nociceptive 
input to the dorsal horn (Mense, 1993).  These endogenous opioids have been shown to increase 
during intense exercise (Goldfarb & Jamurtas, 1997) and may play a role in exercise-induced 
hypoalgesia (Janal et al., 1984; Pertovaara et al., 1984).  There is also a form of descending 
modulation of pain which can also occur from the hypothalamus, amygdala, insula, and the 
anterior cingulated cortex (ACC) (Brooks & Tracey, 2005).  These descending pathways synapse 
at the dorsal horn with afferent signals from the periphery, which act to modulate pain 
perception.  Both endogenous opioids and descending modulation occurring simultaneously 
could cause there to be a reduction in pain perception.   
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Mechanistic Modulation of Pain Following Exercise 
 Pain modulation has been shown using aerobic exercise (Gurevich, Kohn, & Davis, 1994; 
Hoffman et al., 2004; Koltyn et al., 1996), resistance exercise (Bartholomew et al., 1996; Koltyn 
& Arbogast, 1998; O'Leary, Falla, Hodges, Jull, & Vicenzino, 2007; Slater, Theriault, 
Ronningen, Clark, & Nosaka, 2010), and isometric exercise (Drury, Faggiono, & Stuempfle, 
2004; Hoeger Bement et al., 2008; Koltyn & Umeda, 2007; Kosek & Lundberg, 2003; Persson et 
al., 2000; Umeda, Newcomb, & Koltyn, 2009).  Aerobic exercise at intensities > 50% VO2max 
and durations > 10 minutes has been suggested as the threshold at which exercise-induced 
hypoalgesia occurs following running (Hoffman et al., 2004).  Hypoalgesia has also been 
demonstrated following cycling at ~75% VO2max (Koltyn et al., 1996) and a step-test protocol 
(at ~63% VO2max) for a 12 minutes (Gurevich et al., 1994).  Resistance training for 45 minutes 
at ~75% of 1-RM (Koltyn & Arbogast, 1998) and for 20 minutes using a self-selected intensity 
(Bartholomew et al., 1996) has also been shown to increase pressure pain threshold. However, 
performing wrist extension exercises (5 sets x 20 reps) at low loads (~30% 1-RM, both eccentric 
only and eccentric-concentric) was also sufficient to increase pressure pain threshold (Slater et 
al., 2010).  Isometric exercise has also been shown to induce hypoalgesia in healthy adults 
(Drury et al., 2004; Hoeger Bement et al., 2008; Koltyn & Umeda, 2007; Kosek & Lundberg, 
2003; Persson et al., 2000; Umeda et al., 2009).  Varying intensities and duration of elbow flexor 
exercises (25% MVC held for 2 minutes; 25% and 80% MVC held to failure) elicited 
hypoalgesic responses, however unlike aerobic activities, the greatest increases in pressure pain 
threshold occured following lower intensity exercise held to fatigue or task failure (Hoeger 
Bement et al., 2008).  Hypoalgesia was also shown in the ipsilateral and contralateral hand when 
isometric exercise was performed using only the ipsilateral forearm (Koltyn & Umeda, 2007).  
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Likewise, holding 1Kg and performing a shoulder endurance test lead to hypoalgesia lasting for 
10 minutes after exercise in both the exercising shoulder and non-exercising shoulder (Persson et 
al., 2000).  The greatest increases in pressure pain seen during isometric exercise tend to occur in 
the exercising muscle (Persson et al., 2000).      
 There are several possible mechanisms proposed to explain the hypoalgesic effects that 
occur during and following exercise.  At exercise intensities of > 60% VO2 peak for more than 
30 minutes, there is a release of endogenous opioids such as beta-endorphins that could function 
to modulate noxious stimuli in peripheral, spinal, and/or supraspinal sites.  Research is equivocal 
when administering the opioid antagonist agent naloxone to subjects; some studies found a 
blunting of hypoalgesia (Droste et al., 1988; Haier et al., 1981) while another study found no 
effect on electrical intracutaneous finger and dental pulp stimulation (Droste et al., 1991).  
Although involvement of the endogenous opioids have received mixed supports in human 
research, results from animal research indicate that there are multiple analgesia systems, 
including opioid and non-opioid systems (Koltyn, 2000).  Animal research supports that 
properties of the exercise stressor are important in determining which analgesic system is 
activated during exercise (Koltyn, 2000). This discrepancy indicates that factors other than 
opioid mechanisms alone may play a role in exercise-induced reductions in pain.   
Increases in blood pressure have also been shown to correlate with increases in pain 
thresholds and pain ratings in women (Koltyn, Trine, Stegner, & Tobar, 2001).  With increases in 
blood pressure believed to provide a form psychophysiological relief during stress (Randich & 
Maixner, 1984), it would be evolutionarily beneficial for an increase in blood pressure to mediate 
pain responses.  Using pharmacological intervention, increases in blood pressure in 
normotensive men altered pain perceptions in a dose-dependent manner with greater increases in 
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blood pressure eliciting greater increases in pain tolerances (Larbig et al., 1985).  Diminished 
responsiveness to acute pain in healthy adults has been correlated with elevated blood pressure, 
baroreceptor stimulation, and elevated spontaneous baroreflex sensitivity (Chung et al., 2008). 
As exercise is a naturally occurring stimulus to increase blood pressure, it has been hypothesized 
that increases in blood pressure following exercise may play role in increasing pain perceptions 
via activation of arterial baroreceptors resulting in increased supraspinal inhibition of nociceptor 
input (Koltyn & Umeda, 2006; Ring et al., 2008).       
 Other possible explanations for hypoalgesia are the “Gate-Control Theory” (Melzack & 
Wall, 1965) and distraction (Fillingim, Roth, & Haley, 1989; McCaul & Malott, 1984).  The 
gate-control theory states that exercise increases non-nociceptive afferent input to spinal and 
supraspinal regions and could reduce pain by inhibiting the activity of nociceptive neurons 
(Melzack & Wall, 1965).  Meaning the increased afferent signals make it difficult to discern pain 
from other inputs such as body position and movement.  Distraction has also been shown to 
reduce pain perception during exercise (Fillingim et al., 1989; McCaul & Malott, 1984) by 
focusing attention on other processes rather than the noxious stimuli alone.  Using three different 
experimental conditions, which varied on attention, distraction, or no-instructions there was a 
reduction in pain and anxiety during the first 2 minutes of the cold-pressor pain test, however 
attention was shown to be the stronger mediator for the last two minutes of the trial (McCaul & 
Haugtvedt, 1982).  There have also been instances were increasing heart rate and respiration 
have been shown to pull perceptual attention away from the painful stimuli leading to an increase 
in pain threshold (Fuller & Robinson, 1993). Both studies showed that distraction as well as 
increasing physiological functions, much like that experienced during exercise, could alter pain 
responses.   
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Clinical Pain Conditions: Fibromyalgia and Arthritis 
 Fibromyalgia and arthritis are clinically diagnosed conditions dependent on the presence 
of chronic pain for diagnosis.  Fibromyalgia is a condition that causes chronic widespread pain 
throughout the body and tenderness of the joints and other soft tissues.  In 2005, there were 
approximately 5 million US adults over the age of 18 that were diagnosed with fibromyalgia, and 
87% of those diagnosed were women (Kelley, Kelley, Hootman, & Jones, 2010). The adults that 
suffer from fibromyalgia have 2-3 times higher healthcare costs and also report lower scores of 
well-being as compared to healthy persons (Kelley et al., 2010). The pathology of fibromyalgia 
is poorly understood, however there is thought to be a dysfunction of central pain processing 
mechanisms, which lead to generalized widespread pain.  Arthritis occurs due to localized 
inflammation of the joints and the surrounding tissues, and like fibromyalgia, is believed to be a 
major burden on the healthcare system.  Arthritis is the one of the most frequently reported 
chronic conditions in the US with 43 million cases either self-reported or doctor-diagnosed 
(Crockatt, Targett, & Wehman, 2009).  The healthcare cost of arthritis are thought to be between 
$5,000-$10,000 per person per year in direct costs, and over $49.6 billion in work-related 
disability per year (Crockatt et al., 2009).  The pathology associated with arthritis stem from the 
joints themselves, but like DOMS, the effects are from the build-up of noxious biochemicals and 
inflammation.              
Exercise Treatment: Fibromyalgia and Arthritis 
 Although pain in fibromyalgia and arthritis can be mediated with drug interventions, 
these treatment strategies for chronic muscle pain are not always effective (Cohen et al., 2004; 
Curatolo & Bogduk, 2001).  Exercise is beginning to become the more cost effective form of 
treatment.  Thusly, there is a need for further study in the mechanistic functions of these diseases 
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to help find better treatment plans and help prevent rising healthcare cost associated with each 
disease.  A meta-analysis on exercise in fibromyalgia patients has shown that there were 
significant increases in the well-being of the participants as compared to their control groups for 
per-protocol and intention-to-treat when using strength training exercise as a treatment protocol 
(Kelley et al., 2010).  Aerobic training was found to also elicit positive changes in global well-
being, pain, and tender points (Hurley, Hanson, & Sheaff, 2011).  Studies used for the meta-
analysis were mostly conducted on female populations (99%).  This trend is due to women being 
diagnosed with fibromyalgia 9 times more than men of any age group.  With this, making cross-
gender comparisons is difficult.  
Clinical Populations Responses to Exercise    
 Despite the evidence supporting a hypoalgesic effect of isometric exercise in normal 
adults, little research has been conducted on the acute effects of exercise on pain perception in 
clinical pain populations.  In adults suffering from fibromyalgia, exercise has been shown to 
have the opposite effect compared to healthy controls, leading to a decrease (hypersensitizing) in 
pressure pain responses rather than an increase (Kosek et al., 1996; Staud et al., 2005).  In adults 
with chronic shoulder myalgia, fatiguing isometric exercise in one of the quadriceps induced 
hypoalgesia in the ipilateral quadriceps, contralateral quadriceps, and in both shoulders 
(Lannersten & Kosek, 2010).  However, when the myalgic shoulder performed isometric 
exercise, there were no hypoalgesic effects demonstrated at any test site (Lannersten & Kosek, 
2010).  Conversely, fatiguing isometric exercise in women with unilateral chronic shoulder pain 
demonstrated hypoalgesic effects on both shoulders following exercise (Persson et al., 2003).  
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DOMS as a Model 
 Exercise-induced muscle damage (EIMD) is associated with loss of strength, 
inflammation and edema in the damaged muscles, and delayed-onset muscle soreness (DOMS) 
(Black & McCully, 2008b; Clarkson et al., 1992; Dannecker & Sluka, 2011).  The EIMD model 
is ecologically valid because in approximates clinical musculoskeletal pain populations’ loss of 
strength and range of motion, and it leads to allodynia, where a stimulus previously not noted as 
painful now is (Dannecker & Sluka, 2011).  The pain associated with EIMD leads to similar self-
care behaviors of those with clinical pain such as self-reported disability (Bishop et al., 2011), 
impairment to activities of daily living and self-care behaviors (Dannecker et al., 2004; 
Dannecker et al., 2008).     
Conclusion    
 Exercise has positive effects on the human body, one of these being reductions in various 
pain responses.  These responses are well documented in healthy populations with increases 
shown after aerobic as well as anaerobic exercises.  However, responses after exercise are not 
always the same in clinical pain populations.  Pressure pain threshold responses in particular are 
dependent on which muscles are exercising (myalgia or healthy), and the pathology from which 
the chronic pain originated.  Thusly further research is needed to better understand not only the 
responses to exercise in muscles with pre-existing pain, but also the underlying pathology, 
leading to better treatment methods. 
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CHAPTER 3 
THE EFFECT OF EXERCISE ON MECHANICAL PRESSURE PAIN THRESHOLD IN 
THE PRESCENCE AND ABSENCE OF DELAYED-ONSET MUSCLE SORENESS  
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INTRODUCTION 
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Musculoskeletal pain is experienced by ~70% of the population at some point in their life 
(Frymoyer, Pope, Costanza, Rosen, Goggin, & Wilder 1980) with this pain reported to account 
for approximately 10% of visits to medical professionals in the United States (Caudill-Slosberg, 
Schwartz, & Woloshin 2004).  Paradoxically exercise may increase pain (e.g. delayed-onset 
muscle soreness) or provide temporarily decreased pain responses (termed exercise-induced 
hypoalgesia) using aerobic exercise (Gurevich, Kohn, & Davis 1994,Hoffman, Shepanski, Ruble, 
Valic, Buckwalter, & Clifford 2004,Koltyn, Garvin, Gardiner, & Nelson 1996), resistance 
exercise (Bartholomew, Lewis, Linder, & Cook 1996,Koltyn & Arbogast 1998,O'Leary, Falla, 
Hodges, Jull, & Vicenzino 2007,Slater, Theriault, Ronningen, Clark, & Nosaka 2010), and 
isometric exercise (Drury, Faggiono, & Stuempfle 2004,Hoeger Bement, Dicapo, Rasiarmos, & 
Hunter 2008,Koltyn & Umeda 2007,Kosek & Lundberg 2003,Persson, Hansson, Kalliomaki, 
Moritz, & Sjolund 2000,Umeda, Newcomb, & Koltyn 2009).  Aerobic exercise at intensities > 
50% VO2max and durations > 10 minutes has been suggested as the threshold at which exercise-
induced hypoalgesia (EIH) occurs following running (Hoffman et al. 2004).  EIH has also been 
demonstrated following cycling at ~75% VO2max (Koltyn et al. 1996) and a step-test protocol 
(at ~63% VO2max) for a 12 minutes (Gurevich et al. 1994).  Resistance training for 45 minutes 
at ~75% of one repetition maximum (1-RM) (Koltyn & Arbogast 1998) and for 20 minutes using 
a self-selected intensity (Bartholomew et al. 1996) has also been shown to increase pressure pain 
thresholds (Stuecker, Brinker, Bennett, Dunlap, Cook, Lippton, & Hyman). However, 
performing wrist extension exercises (5 sets x 20 reps) at low loads (~30% 1-RM, both eccentric 
onlyand eccentric-concentric) was also sufficient to increase PPT (Slater et al. 2010).  Isometric
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exercise has also been shown to induce hypoalgesia in healthy adults (Drury et al. 2004,Hoeger 
Bement et al. 2008,Koltyn & Umeda 2007,Kosek & Lundberg 2003,Persson et al. 2000,Umeda 
et al. 2009).  In normal adults, varying intensities and duration of elbow flexor exercises (25% 
maximum voluntary contraction (MVC) held for 2 minutes; 25% and 80% MVC held to failure) 
elicit hypoalgesic responses, however unlike aerobic activities, the greatest increases in PPT 
occur following lower intensity exercise held to fatigue or task failure (Hoeger Bement et al. 
2008).  Hypoalgesia has been observed in the contracting muscle, contralateral muscle as well as 
more distant muscles during exercise (Lannersten & Kosek 2010).  Likewise, a shoulder muscle 
endurance test lead to hypoalgesia lasting for 10 minutes after exercise in both the exercising 
shoulder and non-exercising shoulder (Persson et al. 2000).  Interestingly the greatest increases 
in PPT are seen during isometric exercise and tend to occur in the exercising muscle, compared 
to the contralateral muscle (Koltyn & Umeda 2007,Persson et al. 2000).  This contralateral effect 
is suggestive of a central and peripheral mechanism, however it has yet to be determined how 
these effects differ from one another.   
 Despite the evidence supporting a hypoalgesic effect of isometric exercise in normal 
adults, little research has been conducted on the acute effects of exercise on pain perception in 
clinical pain populations.  In adults suffering from fibromyalgia (FM), exercise has been shown 
to leading to a decrease in PPT, indicating greater pain sensitivity, rather than the increase in 
PPT typically observed in healthy controls (Kosek, Ekholm, & Hansson 1996,Staud, Robinson, 
& Price 2005).  In adults with chronic shoulder myalgia, fatiguing isometric exercise in one of 
the quadriceps induced hypoalgesia in both the ipilateral and contralateral quadriceps, as well as 
in both shoulders (Lannersten & Kosek 2010).  However, when the myalgic shoulder performed 
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isometric exercise, there was no hypoalgesic effects demonstrated at any test site (Lannersten & 
Kosek 2010).      
 With equivocal responses to isometric exercise in clinical pain populations, the aim of 
this study was to examine the effects of isometric exercise using healthy participants with 
exercise-induced muscle damage to mimic the pain experienced by those with clinical pain.  
Exercise-induced muscle damage (EIMD) is associated with loss of strength, inflammation and 
edema in the damaged muscles, and delayed-onset muscle soreness (DOMS) (Black & McCully 
2008,Clarkson, Nosaka, & Braun 1992,Dannecker & Sluka 2011).  The EIMD model is 
ecologically valid to mimic clinical musculoskeletal pain populations because it leads to a loss in 
strength and range of motion, leads to allodynia (Dannecker & Sluka 2011), and leads to self-
care behaviors and impairment to activities of daily living (Bishop, Horn, George, & Robinson 
2011,Dannecker, Gagnon, Jump, Brown, & Robinson 2004,Dannecker, Knoll, & Robinson 
2008).       
 To our knowledge no research has been conducted on the pain response following 
isometric exercise in the presence of DOMS.  Therefore, the purpose of this study was to 
examine the effects of submaximal isometric exercise to fatigue on pressure pain thresholds in 
healthy adult males with unilateral EIMD and DOMS.  
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METHODS 
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Participants   
 Participants were recruited via emails, word of mouth, and classroom announcements.  
Twenty-five adult males with an average age of 22.7 years (range: 19-29 years old) volunteered 
to participate.  Participants had no history of orthopedic injury in their hip/knee/leg(s) and had 
not participated in high-intensity leg training in the previous 6 months.  High-intensity leg 
activity was defined as resistance training more than one day a week at intensities > 75% 1-RM.  
Potential participates who were taking prescription pain and/or psychiatric medications 
(including medication for attention deficit hyperactive disorder) were excluded.  Participants 
were asked to refrain from resistance and aerobic exercise, alcohol consumption, and taking any 
pain medications for the duration of the study.  The methods were reviewed and approved by the 
University of Mississippi Institutional Review Board, and all participants provided written 
informed consent prior to participating.  Data from two participants were excluded prior to 
statistical analysis due to exhibiting a large increase in isometric force 48-hours after the 
eccentric exercise protocol was performed (20% and 36% compared to a mean of -6%).  They 
were judged to have not experienced adequate muscle damage and their data was removed 
leaving a sample of twenty-three for the statistical analysis.  
Procedures 
 Participants were tested on five separate days, consisting of two days of familiarization 
and three experimental days.  During familiarization the following were assessed: 1) pressure 
pain threshold testing of the right finger (PPT-F), the left, control thigh (PPT-CT), and the right, 
exercising thigh (PPT-ET); 2) maximal voluntary contraction (MVC) of the right quadriceps; 3)
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 holding an isometric contraction at 25% of MVC for a 2-minute time period; 4) blood pressure 
assessment of the left brachial artery.  On the first experimental testing day (uninjured), baseline 
data for BP, MVC, PPT-F, PPT-CT, PPT-ET, and thigh pain rating (TPR) for both the left and 
right thighs and state-trait anxiety index (STAI) were assessed.  Following the baseline 
assessments, participants performed isometric knee extension exercise with their right thigh at a 
force equal to 25% of MVC and held the contraction until fatigue, defined as force declining > 
10% below the target force of 25% MVC.  During this exercise bout RPE, TPR, PPT-CT, and 
PPT-ET were measured every 30 seconds, and BP was taken every minute.  Once fatigue was 
reached, participants rested quietly for 2-minutes.  PPT-F, PPT-CT, PPT-ET, TPR, BP, and 
STAI were then re-assessed.  Participants then rested for an additional 13-minutes and at 15-
minutes after cessation of exercise PPT-F, PPT-CT, PPT-ET, TPR, BP, and STAI measurements 
repeated.  During the second experimental testing day, baseline delayed-onset muscle soreness 
(DOMS) was assessed in the right knee extensors using a visual analogue scale (VAS) and a 1-
RM test was performed.  Participants then performed 4 sets of 10 repetitions of eccentric knee 
extensions with a weight equal to 120% of 1-RM.  The third experimental testing day was 
performed (injured) 48-hours after experimental test day two.  DOMS of the right thigh was re-
assessed and then all testing procedures from first experimental day were repeated.  
Assessment of Pain Pressure Threshold 
 A Wagner Force One FDIX100 pressure algometer attached to a Wagner FTK100 stand 
with hand wheel was used to measure mechanical pressure applied to the middle phalanx of the 
middle finger on the right hand.  A mark was placed on the middle phalanx with indelible ink 
and pressure was gradually increased at a speed of 1kg/second.  Pressure application was stepped 
when the participant said, “pain”, and the force value from the algometer was recorded.  
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Assessment of PPT-F in this manner has been shown to have a day-to-day reliability of 0.89 
(unpublished observation).  A Wagner FDX50 pressure algometer was used to measure 
mechanical pressure applied to the right and left thigh over the belly of the rectus femoris 
muscle. Two marks were placed approximately one inch apart over the belly of the rectus 
femoris, at the midpoint of the top of the ASIS to the proximal patella.  Pressure was gradually 
increased at a speed of 1kg/second with pain threshold noted by the participant saying, “pain”, 
and the force value from the algometer was recorded.  Assessment of PPT-F in this manner has 
been shown to have a day-to-day reliability of 0.89 (unpublished observation).  Pain threshold 
was assessed every 30 seconds in both thighs with the testing location alternating between each 
mark from one measure to the next. 
Isometric Strength 
 Maximal voluntary isometric strength of the right knee extensor was measured using a 
Body Solid knee extension/leg curl machine with a mounted force transducer (Transducer 
Technologies SBO-500).  The knee extension lever arm was fixed to the transducer such that the 
knee was held at an angle of 60° below horizontal. The transducer was connected to an 
IWorx/2285 Data Acquisition System.  MVC was determined as the average of three, three-
second maximal contractions separated by a 3-minute rest period.   
1-RM Maximal Strength 
 Concentric 1-RM strength of the right knee extensor, was determined using a seated knee 
extension machine adjusted to fit each participant.  Participants first performed a set of 10 
concentric/eccentric repetitions using a light-weight (30 or 40 lbs) as a warm up.  Researchers 
then estimated a weight thought to be 80 to 90% of maximal.  Participants were then instructed 
to perform a single knee extension moving from a knee angle of 90 degrees below horizontal to 
 
 
51 
full extension.  Five seconds were allowed to move through a complete range-of-motion.  
Researchers lowered the weight after each attempt.  If a lift was completed in the prescribed time 
period, with proper form, then the weight was increased by 5% and repeated the lift could not be 
completed.  Three minutes of rest were given between each attempt.  Three to five lift attempts 
were typically required, with the heaviest recorded as 1-RM.    
Eccentric Exercise 
 Forty eccentric muscle actions (4 sets of 10 repetitions) were performed using the right 
knee extensors with a weight equal to 120% of concentric 1-RM.  Participants lowered the 
weight in a controlled manner (a duration of ~3 seconds) and researchers returned the weight to 
the starting position (full knee extension).  Approximately 3 minutes of rest was provided 
between each set.  
Delayed-onset Muscle Soreness 
 A visual analogue scale was used to assess muscle soreness by placing a vertical line 
along a 10 cm line with anchors of “no pain” and “worst pain imaginable” from left to right 
respectively.  A series of 3, concentric/eccentric right knee extensor actions (~3 seconds “up”, ~3 
seconds “down”) were performed using a weight equal to 50% of concentric 1-RM.  Participants 
were asked to rate on the VAS the perception of pain experienced during the eccentric portion of 
the exercise.  There was a 1-minute rest between each contraction.  A total of three ratings were 
performed and averaged each day muscle soreness was assessed.   
Blood Pressure 
 An Omron HEM-907XL Pro Blood Pressure Monitor was used to measure blood 
pressures in the left brachial artery.  The “auto” function was used allowing the monitor to 
automatically inflate the cuff to the optimal pressure according to each patient’s blood pressure. 
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State-Trait Anxiety Index 
 A Spielberger’s State-Trait Anxiety Index was completed before, and immediately 
following exercise to assess psychological changes that may be associated with exposure to a 
painful stimulus.  The STAI is routinely used in studies investigating the psychological effects of 
exercise (Koltyn et al. 1996).   
RPE 
Ratings of perceived exertion were recorded every 30 seconds during exercise using 
Borg’s (6-20) scale (Borg 1970).  Before exercise, participants were given instructions as to the 
proper use of the scale to report a general rating of effort.   
Thigh Pain Rating 
 Ratings of quadriceps muscle pain were assessed before exercise, every 30 seconds 
during exercise, and at 2 and 15 minute after exercise. The participant was instructed to provide a 
rating representative of their overall feeling of pain intensity throughout the leg musculature.  
Ratings were assessed on a 10-point category scale, with verbal anchors at every even number: 0 
= No Pain, 2 = Uncomfortable, 4 = Very Uncomfortable, 6 = Painful, 8 = Very Painful, and 10 = 
Extremely Painful. 
Electromyography 
 Electromyography (EMG), of the vastus medialis was recorded during all the testing 
trials.  EMG from the right vastus medialis muscle was recorded using bipolar electrodes with a 
60Hz Notch filter and an FIR filter at 200Hz at a sampling rate of 2000 samples per second. All 
data were rectified by taking the absolute value of each sampling point. For each 3 second MVC 
trial, mean EMG values were calculated over each second and the largest value was chosen for 
future analysis.  During isometric exercise to fatigue, mean EMG values were calculated over a 
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three second epoch that corresponded to 25, 50, 75, and 100% of total time-to-fatigue. In order to 
allow comparison between participants, values during the fatigue protocol were expressed as a 
percentage of the peak value measured during MVC. 
Statistical Analysis 
 Mean values for PPT in the exercising thigh, non-exercising thigh, pain rating in the 
exercising thigh and non-exercising thigh, and blood pressure were analyzed using a 2 condition 
(uninjured & injured) x 7 time (pre, 25%, 50%, 75%, 100% of time-to-fatigue, 2 min. post, & 15 
min post exercise) completely within repeated measures ANOVA.  Mean values for PPT in the 
finger were analyzed using a 2 condition (uninjured & injured) x 3 time (pre, 2 min. post, and 15 
min post exercise) completely within repeated measures ANOVA and mean values for EMG and 
RPE were analyzed using a 2 condition (uninjured and injured) x 4 time (25%, 50%, 75%, and 
100% of time-to-fatigue) repeated measures ANOVA.  If significant interactions were found, 1-
way repeated measures ANOVA’s were performed and if significant, planned contrasts used to 
test for differences in means at individual time points. Main effects were only interpreted in the 
absence of a significant interaction. If main effects were found, main comparisons were 
performed using a bonferroni alpha correction. Mean values for MVC and VAS rated muscle 
soreness (uninjured and injured) were examined using a dependent t-test.  A significance level 
was set a priori at a α level of 0.05. 
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RESULTS 
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Participant Condition Characteristics 
 Participant’s condition characteristics are shown in Table 1.  MVC decreased 6.3% 
(p=0.014) in the injured condition (48-hours following eccentric exercise) compared to the 
uninjured condition.  Ratings of muscle soreness increased (p=0.0000007) from the uninjured to 
injured conditions.  The presence of soreness and the decrease in MVC were interpreted as 
evidence of exercise-induced muscle damage.  Time to fatigue decreased 19% (p=0.029) 
between conditions.  Resting systolic blood pressure (p=0.94) and resting diastolic blood 
pressure (p=0.68) were not significantly different from uninjured to injured conditions.   
EMG and Force 
 Participants performed isometric exercise using 25% of MVC to fatigue with EMG 
output as well as force measured throughout.  EMG (mV) is expressed as a relative percentage of 
MVC, and force, expressed as absolute force production (lbs).  EMG and force output are shown 
in Figure 1 A.  There was not a significant condition x time interaction for EMG (p=0.43) or 
force (p=0.31) or a significant main effect for condition for EMG (p=0.74), however there was a 
significant main effect for condition for force (p=0.013) with force decreasing from the uninjured 
to injured condition (51.1±12.4 to 47.7±12.2, respectively).  There was a main effect for time for 
both EMG (p=0.003) and force (p<0.001) with EMG values at each time point differing from 
each other (p≤0.018). Similar results were seen for force as well with 25%, 50%, and 75% 
differing from 100% (p≤0.005).  Relative EMG output expressed as a percentage of the EMG 
value measured during MVC and force, expressed as a percentage of MVC, are shown in Figure 
1 B.  There was not a significant condition x time interaction for EMG (p=0.98) or force
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 (p=0.27) or a significant main effect for condition for EMG (p=0.11) or force (p=0.39).  There 
was a main effect for time for both EMG (p≤0.001) and force (p<0.001) with all time points for 
EMG different from each other (p≤0.002) and 25%, 50%, and 75% different from 100% for 
force (p≤0.004). 
Exercise Thigh Pressure Pain Threshold 
 The results of the exercise thigh pressure pain threshold are shown in Figure 2 A.  There 
was not a significant condition x time interaction (p=0.81) or a significant main effect for 
condition (p=0.65).  There was a main effect for time (p=0.004) with pressure pain threshold 
values at 25%, 50%, 75%, and 100% time-to-fatigue being elevated compared to rest (p≤0.001).  
Pressure pain threshold at 2 min post (p=0.027) and 15 min post (p=0.039) were also elevated 
compared to rest.  The effect size (Cohen’s d) for differences in mean pressure pain threshold 
values at 25%, 50%, 75%, 100%, 2 min post, and 15 min post were d=0.59, d=0.67, d=0.78, 
d=0.97, d=0.42, and d=0.40 SD’s, respectively for the uninjured condition and d=0.51, d=0.45, 
d=0.53, d=0.58, d=0.37, and d=0.25 SD’s, respectively for the injured condition.  Percent 
changes in pressure pain threshold from rest in both the injured and uninjured condition are 
shown in Table 2.  No differences were found between condition (p=0.75 for interaction; p=0.50 
for main effect for condition) or over time (p=0.08) for main effect. 
Control Thigh Pressure Pain Threshold 
 The results of the control thigh pressure pain threshold are shown in Figure 2 B.  There 
was no significant condition x time interaction (p=0.61). There was a main effect for condition 
(p=0.024) with mean pressure pain threshold values on the uninjured day (7.36 ± 1.9 kg) being 
lower than values on the injured day (8.06 ± 2.0 kg).  There was also a main effect for time 
(p≤0.001) with values at 25%, 50%, 75%, and 100% of time-to-fatigue being elevated compared 
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to rest (p<0.002). However, values at 2 min post (p=0.91) and 15 min post (p=0.28) did not.  The 
effect size (Cohen’s d) for differences in mean pressure pain threshold values at 25%, 50%, 75%, 
100%, 2 min post, and 15 min post were d=0.37, d=0.65, d=0.66, d=0.78, d=0.03, and d=0.07 
SD’s, respectively for the uninjured condition and d=0.46, d=0.45, d=0.62, d=0.80, d=0.07, and 
d=0.29 SD’s, respectively for the injured condition.  Percent change from rest in uninjured 
compared to injured conditions (Shown in Table 2) showed no significant interaction (p=0.48), 
main effect for condition (p=0.90), but there was a main effect for time (p≤0.001) with post 
exercise values being significantly different from all during exercise values.   
Exercise Thigh vs. Control Thigh  
 The results of the exercise thigh and control thigh pressure pain are shown in Figure 2 A 
& B.  During the uninjured condition there was no significant thigh x time interaction (p=0.31) 
or main effect for thigh (p=0.43).  There was a main effect for time (p≤0.001) with values for 
25%, 50%, 75%, and 100% of time-to-fatigue being elevated different from rest (p<0.004).  
During the injured condition there was no significant thigh x time interaction (p=0.66) or main 
effect for thigh (p=0.15).  There was a main effect for time (p=0.02) with values for 25%, 50%, 
75%, and 100% of time-to-fatigue being elevated compared to rest (p<0.002), 2 min post 
(p=0.08), and 15 min post (p=0.034).  In respects to percent changes for both thighs during the 
uninjured condition testing (Shown in Table 2), there was no significant thigh x time interaction 
(p=0.42), main effect for thigh (p=0.15), but there was a main effect for time (p≤0.001) with 
75% and 100% (p≤0.05) differing from 25% of time-to-fatigue.  During the injured condition 
there was no significant interaction (p=0.21) or main effect for thigh (p=0.71).  There was a main 
effect for time (p=0.003) of values for 50% time-to-fatigue (p=0.016) differing from values at 
100%, values for 75% time-to-fatigue compared to 2 min post (p=0.022) and 15 min post 
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(p=0.006), as well as values for 100% time-to-fatigue compared to 2 min (p=0.002) and 15 min 
post (p=0.001).   
Finger Pressure Pain Threshold 
 The results of the finger pressure pain are shown in Figure 3.  There was no significant 
condition x time interaction (p=0.85). There was a main effect for condition (p=0.012) with 
mean values from the uninjured condition 6.04 ± 2.3 kg and being reduced compared to the 
injured condition 6.83 ± 2.3 kg.  The main effect for time (p=0.057) did not reach statistical 
significance.  The effect size for 2 min post and 15 min post were d=0.23 and d=0.04 
respectively for the uninjured condition and d=0.14 and d=-0.002 respectively for the injured 
condition.    
Mean Arterial Pressure 
 The results of the mean arterial pressure are shown in Figure 4.  There was no significant 
condition x time interaction (p=0.067). There was a main effect for condition (p=0.032) of the 
mean values for the uninjured day (107 ± 7.8) and injured day (105.3 ± 6.4).  There was also a 
main effect for time (P<0.001) with 25%, 50%, 75%, 100% time-to-fatigue and 2 min post 
elevated from rest (p≤0.006), however not at 15 min post (p=0.117).  The effect size for 25%, 
50%, 75%, 100%, 2 min post, and 15 min post were d=2.17, d=2.09, d=3.67, d=2.97, d=0.30, 
and d=-0.10 respectively for the uninjured condition and d=2.28, d=2.30, d=4.37, d=3.02, 
d=0.55, and d=-0.40 respectively for the injured condition. 
Exercise Thigh Pain Rating 
 Thigh pain ratings during exercise are shown in Table 2.  There was no significant 
condition x time interaction (p=0.10) or a main effect for condition (p=0.13).  There was a main 
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effect for time (p≤0.001) with values at rest, 25%, 50%, and 75% of time-to-fatigue being lower 
than values at 100% (P<0.001).   
Control Thigh Pain Rating 
 The results of the control thigh pain rating are shown in Table 2.  There was no 
significant interaction (p=0.61) or main effect for condition (p=0.26).  There was a main effect 
for time (p=0.008) at 25%, 50% 75%, 100%, and 2 min post (p≤0.031) compared to rest, 
however not at 15 min post (p=0.36) compared to rest. 
Exercise vs. Control Thigh Pain Rating 
 When both thighs were compared during the uninjured condition there was a significant 
thigh x time interaction (p≤0.001). The exercise thigh had increased pain ratings at 25%, 50%, 
75%, 100%, 2 min post, and 15 min post (p≤0.014).  Pain ratings in the exercising thigh 
increased over time (p≤0.001 for the one-way ANOVA) with all time points differing from the 
peak pain rating at 100% of time-to-fatigue (p≤0.001).   Pain ratings in the control thigh did not 
differ over time (p=0.07).  During the injured condition there was a significant thigh x time 
interaction (P≤0.001). The exercise thigh had increased pain ratings (p≤0.001 for the one-way 
ANOVA) at 25%, 50%, 75%, 100%, 2 min post, and 15 min post (p≤0.001).  Pain ratings in the 
exercising thigh increased over time (p≤0.001 for the one-way ANOVA) with all time points 
differing from the peak pain rating at 100% of time-to-fatigue (p≤0.001).  Pain ratings in the 
control thigh increased over time (p≤0.02 for the one-way ANOVA) with rest, 25%, 2 min post, 
and 15 min post different from 100% (p≤0.04).   
Rating of Perceived Exertion  
 The results of the rating of perceived exertion are shown in Table 2.  There was a 
significant condition x time interaction (p=0.024).  One-way ANOVA revealed a significant 
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increase in RPE over time in both injured and uninjured conditions with mean RPE values for 
both conditions different from 25% values (p≤0.001). 
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DISCUSSION 
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The purpose of this study was to examine the effects on pressure pain thresholds during 
and following exercise to fatigue in the presence of EIMD and DOMS.  The main findings of this 
study were the following: 1) ipsilateral thigh PPT increased during and following fatiguing 
exercise in both the uninjured and injured conditions; 2) contralateral thigh PPT increased during 
fatiguing exercise in the uninjured and injured conditions, but hypoalgesia was not observed 
following exercise; 3) finger PPT was unaffected by exercise in both conditions; 4) resting 
contralateral thigh and finger PPT were increased in the injured condition, but ipsilateral thigh 
PPT was unchanged.   
 During the uninjured testing session, there were increases to PPT during exercise in both 
the ipilateral and contralateral thighs.  At the 2 min and 15 min post exercise measures, increases 
in PPT were restricted to the ipsilateral thigh.  These findings are similar to a number of studies 
indicating the occurrence of hypoalgesia during and following isometric exercise (Drury et al. 
2004,Hoeger Bement et al. 2008,Koltyn & Umeda 2007,Kosek & Lundberg 2003,Persson et al. 
2000,Umeda et al. 2009) and suggests a centralized alteration in pain processing occurred during 
exercise. However, unlike previous research hypoalgesia was not found following exercise in the 
contralateral thigh (Koltyn & Umeda 2007,Lannersten & Kosek 2010) or in the finger.  This 
finding suggests that following exercise a localized mechanism specific to the contracting muscle 
and not to other areas around the body may have been involved.  A mechanism proposed to 
underlie EIH is the activation of baroreceptors due to elevations in blood pressure during 
exercise reducing pain perception (Dworkin, Elbert, Rau, Birbaumer, Pauli, Droste, & Brunia 
1994).  Although in the present study blood pressure was elevated during exercise and remained
 
 
63 
 elevated for at least 2 min post exercise, like previous research (Umeda, Newcomb, Ellingson, 
& Koltyn 2010,Umeda et al. 2009), no relationship was found between increases in blood 
pressure and increases in PPT.     
Increased efferent motor output and increased afferent input from the contracting 
muscle(s) have also been suggested to be possible mechanisms for EIH (Johnson & Petrie 
1997,Koltyn & Umeda 2007,Kosek & Lundberg 2003,Law, Dahlquist, Sil, Weiss, Herbert, 
Wohlheiter, & Horn 2011,Staud et al. 2005,Umeda et al. 2010) EMG data from the present study 
clearly indicates increased efferent signaling from the motor cortex as the exercise proceeded 
toward fatigue. Additionally, RPE increased during exercise indicating increased afferent input 
from a host of locations (cardiorespiratory, muscle, ect.).  The increased signaling to the dorsal 
horn from both ascending and descending neural input could have altered the processing of 
noxious pressure and lead to the observed hypoalgesia in the ipislateral and contralateral thigh 
during exercise.  Increases in endogenous opioids have also been suggested to underlie EIH 
(Droste, Meyer-Blankenburg, Greenlee, & Roskamm 1988,Haier, Quaid, & Mills 1981,Koltyn 
2000), but studies have demonstrated EIH when an opiod antagonist was administered calling 
this hypothesis into question (Droste, Greenlee, Schreck, & Roskamm 1991,Janal, Colt, Clark, & 
Glusman 1984). Although not measured in the present study, the findings that EIH occurred 
within 30 seconds of the onset of exercise, and the lack of post exercise effects in the 
contralateral thigh and in the finger seem to suggest endogenous opiods did not play a role in 
EIH in this study.  During aerobic activities serum levels of beta-endorphin do not increase until 
50 minutes of exercise has been completed (Schwarz & Kindermann 1989).  More recently 
research has started looking into the release of beta-endorphins during resistance training and 
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suggests that the release is probably associated with increases in other metabolic and 
cardiocirculatory stressors.  
Previous research has shown that clinical pain populations do not experience EIH in the 
same manner as healthy individuals. Fibromyalgia patients experienced an increase in pain 
sensitivity as evidenced by a decrease in PPT following exercise (Kosek et al. 1996,Staud et al. 
2005). Eccentric exercise was used in the present study to induce muscle damage and DOMS in 
an attempt to approximate a clinical pain population.   The presence of muscle damage 48-hours 
following eccentric exercise was confirmed by a decline in MVC and the induction of soreness 
in the exercised quadriceps. Interestingly, resting PPT did not change in the ipsilateral (damaged) 
quadriceps, which is contrary to previous findings (Dannecker & Sluka 2011,Denegar & Perrin 
1992) while resting PPT increased in the contralateral thigh and in the finger. The increase in 
PPT in both thighs during exercise mimicked the responses from the uninjured condition, as did 
the elevation of PPT only in the ipsilateral thigh after exercise.  While these findings are at odds 
with the data from FM patients, the increases demonstrated during and following exercise are 
similar to those found in women with chronic shoulder pain (Persson, Hansson, Kalliomaki, & 
Sjolund 2003) where exercise using the painful shoulder resulted in EIH in the affected and 
contralateral shoulder muscles. Taken together it appears that pain from localized inflammation, 
from DOMS and chronic shoulder pain, can be reduced during and following exercise.  It is 
possible that a phenomenon termed conditioned pain modulation (CPM) could explain the 
finding of elevated PPT in the contralateral thigh and finger while no change in PPT was 
observed in the ipsilateral (sore) thigh.  It is possible the soreness acted as a conditioning 
stimulus that resulted in a systemic reduction in pain sensitivity. In the contralateral thigh and 
finger, CPM resulted in increased PPT. However, in the ipsilateral thigh the CPM served to 
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counteract the sensitizing effects of the muscle damage, thus resulting in the observation of no 
change in PPT.  Further research in this area is needed to determine the effects of exercise and 
CPM on DOMS.   
 In summary, the results from this study can only be generalized to young, healthy men.  
The results may be different if other samples such as individuals with chronic pain conditions or 
hypertension had been tested in the same manor.  Studies have suggest that both clinical pain 
populations (Kosek et al. 1996,Lannersten & Kosek 2010,Staud et al. 2005) and hypertension 
(Koltyn, Trine, Stegner, & Tobar 2001,Larbig, Milstrey, Nasse, & Kahle 1985) alter pain 
perception.  Additional research is needed in this area.  It is concluded that sub-maximal 
isometric exercise to fatigue in the presence and absence of EIMD was sufficient in increasing 
PPT in the ipsilateral thigh and contralateral thigh during exercise, however increases were only 
sustained after exercise within the ipsilateral thigh.  
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Figure Legends  
Figure 1 A.  Absolute isometric force (lbs) on the uninjured day (open circle) and for the injured 
day (closed circle) as well as mean EMG (mV) on the uninjured day (△) and for the injured day 
(▲) are expressed at a percentage of total exercise time. There was a significant main effect for 
time for both force (**;p ≤ 0.001) and EMG (**;p ≤ 0.003).  A significant main comparison for 
EMG with values being different from each other during exercise (*;p ≤ 0.018) as well as force 
at 100% (‡;p ≤ 0.005).  There was also a significant main effect for condition for force 
(diamond; ≤ 0.013). 
 
Figure 1 B.  Isometric force is expressed as percentage of MVC for the uninjured day (open 
circle) and for the injured day (closed circle) as well as mean EMG (mV) expressed as 
percentage of peak EMG during MVC on the uninjured day (△) and for the injured day (▲) are 
expressed at a percentage of total exercise time. There was a significant main effect for time for 
both force (**;p ≤ 0.001) and EMG (**;p ≤ 0.001). A significant main comparison for EMG 
with values being different from each other during exercise (*;p ≤ 0.002) as well as for force at 
100% (‡;p ≤ 0.005).   
 
Figure 2 A & B.  Thigh pressure pain threshold (Stuecker et al.) is shown for both the exercise 
(A) and Control (B) thighs for both the uninjured (open circle) and injured (closed circle) days.  
There was a significant main effect for time (**;p ≤ 0.004) for both thighs.  A significant main 
comparison different from rest was found during exercise in both thighs (*;p ≤ 0.002) and after
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 exercise in the exercised thigh (‡;p ≤ 0.039).  There was also a significant main effect for 
condition within the control thigh (diamond;p ≤ 0.024). 
 
Figure 3.  Finger pressure pain threshold (Stuecker et al.) is shown for both the uninjured (open 
circle) and injured (closed circle) days. There was a significant main effect for condition within 
the finger (diamond;p = 0.012).   
 
Figure 4.  Mean arterial pressure (MAP) is shown for both the uninjured (open circle) and 
injured (closed circle) days.  There was a significant main effect for time (**;p ≤ 0.004) for 
MAP.  A significant main comparison different from rest was found during exercise and at 2 min 
post (*;p ≤ 0.006). There was also a significant main effect for condition (diamond;p = 0.032). 
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APPENDIX D: RECRUITMENT FLYER   
 
 
 
 
 
 
 
83 
 
 
 
 
 
 
84 
APPENDIX E: RECRUITMENT EMAIL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
85 
Email recruitment  
Are you an exerciser?  
 
Are you interested in pain?  
 
Dr. Chris Black is looking for volunteers for a study examining the interaction between exercise 
and pain threshold. Healthy men and women aged 18 to 35 who do not regularly perform high 
intensity weight training with their legs are eligible to participate. The study will involve 5 
testing sessions that occur over the course of 7 days with a total time commitment of 
approximately 5 hours. Over the course of the study you will be asked to lift weight, and your 
pain threshold will be assessed in your finger and your thigh. 
 
For more information please contact Dr. Chris Black (blackcd@olemiss.edu; 706-255-3750) or 
Brandon Tynes (btynes@olemiss.edu).   
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CONSENT FORM 
Consent to Participate in an Experimental Study 
Title: The effect of exercise on pressure pain threshold in the presence and absence 
of local inflammation 
Primary Investigator Christopher D. Black, PhD Department of Health, Exercise Science, and Recreation Management  230 Turner Center The University of Mississippi (662) 915-5553 
Co - Investigator Brandon Tynes Department of Health, Exercise Science, and Recreation Management 234 Turner Center The University of Mississippi (662) 915-5570 
Description:  The researchers in this study are seeking to better understand the effects of exercise on pain perception, in particular the pressure pain threshold—the amount of pressure that must be applied in order for it to be perceived as “painful” rather than “uncomfortable.” Previous research has shown that localized inflammation in a muscle leads to soreness and lowers the pressure pain threshold in that muscle. The interaction between exercise and pain threshold, in the presence and absence of local inflammation remains unknown.   As a research participant you will be asked to complete 5 testing sessions over the course of a week. During the first two sessions you will practice the procedure for determining the maximal strength of one of your legs and for determining the pressure pain threshold in your index finger and in your thigh (these testing days should take no more than 15-30 minutes). To determine your pain threshold a researcher will apply increasing amounts of pressure to your finger or thigh using a device that measures the applied pressure. The device has a small rubber tip that will be placed on your skin and the researcher will apply increasing amounts of pressure to the skin until you decide the pressure has moved from feeling “uncomfortable” to just barely “painful.” As soon as you decide it is painful, the pressure will be immediately removed. The location on your finger and right and left thigh where the device will contact your skin will be marked using a black marker. You will be asked to not wash off the marks while you are participating in the study (7 days). During your third testing session your blood pressure and heart rate will be taken and then the pressure pain threshold in your finger and thigh will be determined. You will then exercise by performing knee extension exercise (kicking your leg) and holding a certain weight using one of your thighs for as long as you can. During this time small electrodes will be placed on your thigh to monitor your muscle. While you are exercising, the pressure pain threshold of your thigh and your blood pressure and heart rate will be measured every 30 seconds. After you have finished exercising, the pressure pain threshold in your finger and thigh will be measured again. You will then sit and rest for 15 minutes and then the pain threshold of your finger and thigh will be measured again (this testing session should take approximately 60 minutes). The next day you will be asked to lift 
 
 
88 
weights using one of your thighs. This weight lifting will be very strenuous and is designed to make your thigh feel sore (this testing session should take no more than 30 minutes). Your final testing session will take place two days later. Initially, researchers will measure how sore your thigh feels. Following this you will exactly repeat the testing that took place during session 3 (this testing session should take approximately 60 minutes).   Inclusion Criteria: This trial is open to adults (age 18-35 years old) with no history of orthopedic injury in their hip/knee/leg(s), who have not participated in high intensity weight lifting with their legs in the previous 6 months, and who are not currently taking prescription pain and/or psychiatric medications (including medication for attention deficit hyperactive disorder). 
 
Risks and Benefits: Because pain is a key measure in this study, it will be necessary to apply enough pressure to your finger and thigh for you to feel it is painful. The pain you feel during this measurement should not be intense nor should it last for more than a few seconds. There is minimal risk of bruising or other injuries associated with measuring your pain threshold in this way. The weight lifting in the study is designed to make you thigh feel sore. Your thigh may also feel “stiff” and “swollen.”  There is a very small risk (less than 1%) of experiencing severe leg condition called rhabdomyolysis (a breakdown of muscle resulting in highly elevated levels of protein in my blood) in response to the weight lifting.   If you notice severe swelling in your thigh or dark red or brown colored urine then you should contact Dr. Black immediately. To limit your risk of this condition you will be asked to:  1. Refrain from exercise using your legs during the study 2. You will be asked to drink from 1-1.5 liters (34-51 ounces) of water or a sports drink each day to maintain proper hydration.   There are no other known risks associated with this research project. Participating in this research is a vital part of scientific experimentation, and will help the researchers better understand how exercise and inflammation affect feelings of pain. This understanding may lead to better treatments for people with painful conditions such as arthritis. 
 
Cost and Payments: Other than your time, there are no costs for helping us with this study. You will not be paid for helping with this study.     
Confidentiality: We will not put your name on any of the forms you complete or on any of the papers and files used in the study.  You will be identified on each paper and file by a number. Only Dr. Black and Mr. Tynes will have access to the file that links your name to your number. This file will be stored on a password protected computer. Therefore, we do not believe that you can be identified from any of your papers or files. All electronic files will be stored on a password protected computer and all paper files will be kept in a locked file cabinet.  
Right to Withdraw: You do not have to take part in this study. If you start the study and decide that for any reason you do not want to finish, inform the researcher in the lab or simply contact Dr. Chris Black, in person, by email, or telephone at the Department of Exercise Science, University, MS, 38677. Dr. Black’s 
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contact number is at 662-915-5553, his cell phone number is 706-255-3750 or at blackcd@olemiss.edu. Whether or not you choose to participate or to withdraw will not affect your standing with the Department of Health, Exercise Science, and Recreation Management or with the University of Mississippi in general. The researchers may terminate your participation in the study without regard to your consent at any time and for any reason, such as protecting your safety and protecting the integrity of the research data.  
Compensation for Illness or Injury “I understand that I am not waiving any legal rights or releasing the institution or their agents from liability from negligence.   I understand that in the event of physical injury resulting from the research procedures, The University of Mississippi does not have funds budgeted for compensation for 1) lost wages, 2) medical treatment, or 3) reimbursement for such injuries.  The University will help, however, obtain medical attention which I may require while involved in the study by securing transportation to the nearest medical facility.”  
IRB Approval: This study has been reviewed by The University of Mississippi’s Institutional Review Board (IRB).  The IRB has determined that this study fulfills the human research subject protections obligations required by state and federal law and University policies.  If you have any questions, concerns, or reports regarding your rights as a participant of research, please contact the IRB at (662) 915-7482. 
 
Statement of Consent: I have read the above information.  I have been given a copy of this form.  I have had an opportunity to ask questions, and I have received answers.  I consent to participate in the study.   Signature of Participant Date 
  Signature of Investigator Date 
  
 
NOTE TO PARTICIPANTS:  DO NOT SIGN THIS FORM 
IF THE IRB APPROVAL STAMP ON THE FIRST PAGE HAS EXPIRED. 
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Screening questionnaire 
Participant ID:__________ 
Date: __________    
 
1. Have you participated in leg strength training two or more times per week within the 
previous six months?    Yes   or    No 
 
2. Have you had any hip, knee, ankle or other leg injuries in the previous 6 months?   
 Yes   or   No  
 
3. Have you taken any type of pain relievers within the previous 7 days?                   
Yes   or    No 
 
4. Are you taking any medications including birth control & blood thinners (eg, 
Coumadin)?Yes   or    No 
 
5. If you answered “Yes” to #3 or 4, please list the medications, the reasons for taking them, 
the prescribed dosage, and how long you have been taking them on a consistent basis.    
    ____         
     ____ 
 ___________________________________________________________________ 
 
6. Have you consumed any alcohol, tranquilizers, sleeping pills, antidepressants, opiates, 
cocaine, amphetamines, PCP, or barbiturates within the previous 7 days days?      
 Yes   or    No 
 
7. Have you consumed any antibiotics, laxatives, diuretics, neuroleptics,  
or theophyline within the previous 7  days?        Yes   or    No   
 
8. Are you consuming any performance enhancing drugs?      
 Yes   or    No   
 
9. Are you consuming any vitamins or dietary supplements?    
 Yes   or    No   
 
10. If you answered “Yes” to #6 to 9, please list what you have been taking?    
  ____           
  ____ 
 ________________________________________________________________________
______ 
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11. Have you been ill within the previous week or are you currently ill (cold, flu, etc.)?     
 Yes   or    No 
 
12. Have you made in changes in your diet in the last month?    
 Yes   or    No 
 
13. Do you have to maintain a specific type of diet for any reason?   
 Yes   or    No 
 
14. If so, why are you having to maintain the diet? 
__________________________________________________ 
______________________________________________________________________________
______________________________________________________________________________
__________________ 
 
15. Have you been diagnosed with diabetes, high blood pressure, or a chronic pain disorder?   
 Yes   or    No 
 
16. Are you currently undergoing statin or thyroid replacement therapy?      
 Yes   or    No 
 
17. Do you have any history of kidney or liver dysfunction?        
 Yes   or    No 
 
18. Do you have any history of heat illness?           
 Yes   or    No 
 
19. Do you have any history of swelling after exercise?         
 Yes   or    No 
 
20. Do you have any history of bruising easily?          
 Yes   or    No 
 
21. Do you have a family history of muscle disease?         
 Yes   or    No 
 
22. Do you have sickle cell disease, sickle cell trait or a family history of sickle cell disease?    
 Yes   or    No  
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APPENDIX I: VISUAL ANALOG PAIN INTENSITY SCALE 
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Visual analog pain intensity scale 
 
 
 
 
 
 
 
 
 
 
No pain at all  _______________________________________________  Most intense pain 
imaginable 
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APPENDIX J: STATE TRAIT ANXIETY INVENTORY 
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APPENDIX K: 24-HOUR HISTORY   
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Participant ID:__________ 
Date: __________ 
    
 
1. How many hours did you sleep last night? ________________ 
 
2. Have you taken any pain or other medicine today?      
 Yes No 
 
a. If so, what did you take______________________ 
 
b. If so, when did you take it____________________ 
 
c. If so, what was the dose_____________________ 
 
3. What time of day was your last meal?  ____________________ 
 
4. Describe what you ate for your most recent meal if it was today: 
 
 
 
 
 
 
 
5. Have you had any snacks or drinks since your last meal?     
 Yes No 
a. If so, what did you eat or drink? 
 
 
 
 
 
6. Have you exercised today?        
 Yes No 
 
a. If so, when did you exercise ________________________ 
 
b. If so, for how long did you exercise___________________ 
 
c. If so, how intense was the exercise     Low
 Moderate High 
 
 
7. Has anything unusual happened today that might influence the measurements we are making
 Yes No 
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CHAPTER 4  
SUMMARY AND CONCLUSION 
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 Exercise-induced hypoalgesia is a phenomenon in which the definitive mechanism 
driving it remains unclear.  This response is well documented in normal healthy controls using 
many different modes of exercise, however those with chronic pain disorders such as 
fibromyalgia have been shown to have adverse effects.  Delayed-onset muscle soreness (DOMS) 
is usually characterized by decreased range-of-motion, edema, soreness, and decreased strength.  
Because of this, it can be used to mimic the symptoms of those with chronic pain disorders when 
testing other forms of exercise as potential pain mediators for this unique population.  The 
purpose of this study was to examine the effects of submaximal isometric exercise to fatigue on 
pressure pain threshold in the presence of DOMS.   
 Pressure pain threshold was assessed in 25 adult males following two days of 
familiarization.  Baseline testing (no DOMS) was performed where pressure pain threshold 
(PPT) was assessed in the left and right rectus femoris prior to, every 30 seconds during, and 2 
and 15-minutes post submaximal isometric exercise to fatigue. Participants held 25% of 
maximum voluntary contraction (MVC) using only the right quadriceps until fatigue, defined as 
force declining >10% below the target force.  Eccentric exercise using 120% 1-RM was then 
performed using the right quadriceps to induce DOMS, and all tests were repeated 48-hours later 
when DOMS was present.  
 During the baseline testing day, there was a significant increase to PPT during exercise of 
both the ipsilateral (exercising) and contralateral thigh, and remained increased after exercise 
only in the ipsilateral thigh.  The contralateral thigh PPT did not remain elevated after exercise.  
PPT of the finger showed no significant change from baseline at either point after exercise.  The
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 participant’s responses to the exercise were as expected; however, unlike previous research 
demonstrating contralateral hypoalgesic effects to exercise we did not.  The participants returned 
48-hours post eccentric loading and collectively reported high levels of muscle soreness and 
decreased force output during the MVC trials as expected.  Two participants did not demonstrate 
a decline in force production and were later excluded from data analysis.  During the DOMS 
condition, similar responses were seen in the participants with increases to PPT during exercise 
in both thighs however elevations only remaining after exercise within the ipsilateral thigh and 
not in the contralateral thigh.  PPT of the finger remained unchanged from baseline as well.  
These responses were interesting in that DOMS seemed to play no role in the pathways signaling 
pain mediation during and after isometric exercise.  
 During baseline testing, participants expressed lower PPT absolute values for the finger 
than in either thigh.  This difference was telling for me that every nociceptor has its own 
particular threshold as well as a difference in mechanical interaction of the testing site.  The 
boney landmark of the finger could potentially lead to greater mechanical stress eliciting a 
painful response more quickly.  The use of two testing sites for each thigh within the same 
muscle helped account for spatial and temporal summation.  This added step in our methodology 
might seem miniscule, however compared to responses during pilot data collection there were 
fewer cases of superficial bruising of the thigh.  PPT during exercise changing in both thighs 
suggested a centralized mechanism, however increases restricted to only the ipsilateral thigh 
after exercise suggests that prolonged effects are results from a localized mechanism.  This 
lasting effect that remained in only the ipsilateral thigh was interesting.  Other studies have 
demonstrated that prolonged effects from exercise are more centralized in nature with increases 
seen in both ipsilateral and contralateral testing sites.   
 105 
 After DOMS was induced eccentrically, there were increases in muscle soreness using 
the visual analogue scale.  PPT was not significantly different than the baseline testing day as 
expected, however there was a increase in the contralateral thigh and finger.  This finding was 
interesting in that it could help explain the lack of decrease in PPT in the damaged ipsilateral 
thigh.  The theory thought to explain this was conditioned pain modulation (CPM).  CPM is a 
phenomenon that while exposed to a conditioning stimulus, a greater PPT will be experienced in 
the test site.  The thought is that the damaged muscle could have been acting as a conditioning 
stimulus, which would raise PPT in the contralateral thigh and finger and raise the PPT of the 
ipsilateral thigh back to a normal uninjured value.  During testing PPT measures as well as 
during the post exercise PPT measures there was a similar response as observed during the 
baseline testing day.   
 The findings of this study were not entirely what we thought would happen with respects 
to what previous research has shown.  The absence of lasting effects in the ipsilateral thigh and 
finger were not expected on the baseline testing day, however during the DOMS testing sessions 
there was no research to go by making any findings interesting.  Isometric exercise to fatigue has 
mediating effects within the ipsilateral and contralateral thighs during exercise, but exercise-
induced hypoalgesia was only lasting in the ipsilateral thigh.  This is still an important finding, in 
that anyone who might have DOMS or some other chronic pain condition could potentially 
mediate localized pain for up to 15-minutes after exercise using submaximal isometric exercise 
to fatigue.  In elderly individuals or those with a compromised health status, this could be even 
more beneficial.  The use of submaximal loads is not only less strenuous on the joints but also 
less intimidating for the user.       
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 In summary, the results of this study can only be generalized to healthy, young, 
normotensive men.  The results may be different if other samples such as individuals with actual 
chronic pain conditions were tested.  Studies have suggested that individuals with chronic pain 
conditions alter the response of pain perception to exercise, thus, further research is needed in 
this area to determine possible differences in their augmented signaling pathway of pain 
responses.  With respects to this study, using DOMS as a model did prove itself as a useful 
alternative in preliminary studies, however the responses of our healthy individuals did not 
follow the results from actual chronic pain conditions such as fibromyalgia.   
 Future research is needed to examine: 1) if fatigue and motor unit activation could 
account for increasing pain responses; 2) if effects of EIMD on pressure pain is enough to 
express a whole body response; and 3) if using restricted blood flow could offer further insight 
into blood pressures role in pain perception as well as distributions of systemic endogenous 
opioids to the working muscles.  It is concluded from this study that performing isometric 
exercise at 25% MVC to fatigue can produce EIH in musculature affected by DOMS, and there 
was an effect from DOMS on the baseline measures in both the contralateral and plurisegmental 
testing sites.  
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